A severe, progressive myopathy developed in an 1 1 -year-old, phosphofmctokinase (PFK)-deficient, male, English Springer Spaniel dog. Results from a routine neurological examination were normal. Examination of histologic sections of skeletal muscle revealed large accumulations of material in some myofibers. These deposits were pale, basophilic, somewhat flocculent, and slightly granular with hematoxylin and eosin stain. Most fascicles examined in sections of limb and trunk muscles were affected to some degree, with up to 10% of muscle fibers being involved. Deposits stained strongly with periodic acid-Schiff and were resistant to digestion by alpha amylase but were removed by incubation with gamma amylase. Deposits were faintly positive with Gomori's methenamine silver technique and alcian blue (pH 2.5) and were brown-gray with Lugol's iodine solution but were negative with other stains. Based on staining characteristics, the deposits seemed to consist primarily of an amylopectin-like polysaccharide(s). Alcian blue staining (pH 2.5) was removed by treatment with neuraminidase but not with hyaluronidase, indicating that some sialic acid residues were also present. Electron microscopically, the deposits were composed of short granular filaments, small granules and amorphous material. They were not membrane bound. The morphologic appearance and staining characteristics of the deposits were remarkably similar to deposits previously described in human PFK-deficient myopathy. As expected, total PFJS activities were markedly reduced when assayed in skeletal muscles of this dog. In contrast with other PFK-deficient dogs, muscle glycogen in this animal was not increased above that of normal dogs.
Phosphofructokinase (PFK) exists in isozymic forms in human beings, dogs, and several other mammalian species.8,10,20~39 It is under the control of three structural loci that encode for liver (L), muscle (M), and platelet (P)-type subunits which are expressed differently in various tissues. The P-type subunit has also been referred to as the F-type or C-type subunit.ll Random tetramerization of the resultant subunits produces various tetrameric isozymes. I 1, 36 Dunaway et al.9JL recently examined a variety of human and rat tissues using sensitive techniques that provide accurate quantification of PFK subunit compositions. They found that only muscle PFK contains a single subunit and exists as the M, homotetramer. All other tissues studied contained variable amounts of all three subunits. The M-type subunit accounts for approximately half of the total PFK activity in human erythrocytes' and about 85% of total activity in dog erythrocyte^.^^,^^ As a rate-controlling enzyme in glycolysis, quantitative and qualitative alterations in PFK can result in significantly altered states of energy metabolism in tis-sues, such as erythrocytes and intensely exercising skeletal muscle, that depend heavily on glucose metabolism. Autosomal recessively transmitted deficiencies of the M-type PFK subunit have been recognized in human beings37 and English Springer Spaniel As expected based on subunit compositions, both muscle and erythrocyte PFK activities are d e f i~i e n t .~~. '~,~~ In human beings, M-type PFK deficiency is associated with clinically heterogeneous syndromes characterized by muscle weakness on exertion and/or hemolysis or no symptoms; the most common syndrome, glycogen storage disease type VII, is associated with myopathy and compensated h e m~l y s i s .~~ Deficient dogs have compensated hemolytic anemia and sporadic episodes of intravascular hemolysis with hemoglobinuria. l 5 While muscle biochemical and bioenergetic studies of PFK-deficient dogs indicate that the PFK step limits glycolysis in these a n i m a l~, '~J~ morphologic evidence of a myopathy has not been reported until now. In this communication, we report the development of a severe, progressive myopathy Fig. 3 . Cross section of a muscle fascicle. Periodic acid-Schiff-positive material is located primarily beneath the sarcolemma of muscle fibers that otherwise stain paler (arrows) than unaffected fibers. Periodic acid-Schiff. Fig. 4 . Longitudinal section of muscle fibers demonstrating periodic acid-Schiff-positive subsarcolemmal material that remains following alpha amylase digestion. Pale-staining areas are residual portions of muscle fibers. Dark-staining areas and associated occurrence of abnormal polysaccharide deposits in skeletal muscle of an aged PFK-deficient dog.
Materials and Methods

Clinical observations
An 1 1 -year-old, phosphofructokinase (PFK)-deficient, male, English Springer Spaniel dog showed evidence of a progressive myopathy over a period of one month. His condition progressed to the point that he would not stand on his own and, if placed in a standing position, was unable to take more than a few steps without lying or falling down. He was the founding sire of a colony of PFK-deficient dogs at the University of Florida and had been housed in the Animal Resources Facility for 5 years. He had been noticeably less active than usual for several months, but this had been assumed to be the result of age and severe bilateral cataracts that rendered him nearly blind.
In addition to the findings listed above, physical examination revealed moderate muscle atrophy and mild splenomegaly. No pain was elicited on palpation during the examination. A routine neurological examination was normal. A complete blood count taken at this time revealed a macrocytic (mean corpuscular volume-MCV 86 fl) regenerative (reticulocytes 334,OOO/pl) anemia (packed cell volume-PCV 22.8%). Total and differential leukocyte counts were normal. Total serum protein was 9.0 g/dl, of which 1.8 g/dl was albumin and 7.2 g/dl was globulin. The hyperglobulinemia had been a persistent finding in this animal for the last 6 years.I6 Serum creatine kinase was 129 IU/liter (normal 34 to 1 13 IUAiter), but slight hemolysis was evident in the sample; hemolysis is reported to increase serum creatine kinase in dogs.12 All remaining tests in a serum clinical chemistry panel, including total bile acids. were within normal limits.
The dog was anesthetized with pentobarbital for collection of bone marrow samples and a muscle biopsy for glycogen determination and euthanatized by barbiturate overdose because of his deteriorating condition. A necropsy was begun immediately following euthanasia.
Light and electron microscopy
Tissue samples for histology were fixed in 10% neutral buffered formalin, embedded in paraplast, sectioned at 4-5 pm, and stained with hematoxylin and eosin. Clamps were not used on skeletal muscle prior to formalin fixation. Sections of skeletal muscle including right hind limb, dorsal trunk and diaphragm, brain, heart (ventricular septum), and intestinal smooth muscle (duodenum, jejunum, and ileum) were also stained with periodic acid Schiff(PAS), and sections of liver and kidney were stained for iron using the Prussian blue reaction. In addition, skeletal muscle sections were stained with alcian blue (pH 1.0 and 2.5), toluidine blue, Lugol's iodine solution, Gomori's methenamine silver, phosphotungstic acid hematoxylin, Masson's trichrome, azure A (pH 4 . 9 , Schiff methylene blue, and Congo red (10 micron section). A frozen section of formalin-fixed skeletal muscle was stained with oil red 0. PAS stains of skeletal muscle were also done after alpha amylase and gamma amylase digestions for one hour at 37 C.35 Alcian blue stains (pH 2.5) were performed before and after hyaluronidase and neuraminidase digestion. 35 For electron microscopy, small pieces of skeletal muscle were diced in buffered glutaraldehyde and then glutaraldehyde-fixed tissue was osmicated and embedded in Araldite-Epon. Deposits were not observed at the light microscopic level in 1 pm toluidine blue-stained sections from several blocks of glutaraldehyde-fixed muscle; therefore, several larger pieces of formalin fixed-skeletal muscle were sectioned in half, and the cut surfaces were examined for PAS-positive deposits by light microscopy. The complimentary half of a piece of formalin-fixed tissue containing large amounts of accumulated material was diced, osmicated and embedded in Araldite-Epon. One pm toluidine blue-stained sections were examined from several blocks, and selected blocks were trimmed to include areas containing polysaccharide deposits. Grids of longitudinally sectioned fibers containing deposits were prepared and stained with uranyl acetate and lead citrate and examined and photographed with a Phillips 30 1 transmission electron microscope.
Glycogen assay
Muscle biopsies were collected from the vastus lateralis muscle using an open surgical technique under pentobarbitalinduced general anesthesia. Pieces of muscle were fast frozen in liquid nitrogen and stored at -70 C. Glycogen was quantified spectrophotometrically in trichloroacetic acid extracts of frozen, pulverized muscle3 and reported as glucose units/g wet weight.
Phosphofructokinase assays
Various tissues were collected within 30 minutes after death and frozen at -20 C until assayed. Tissues from normal mongrel dogs were similarly collected and frozen at -20 C immediately after euthanasia with pentobarbital in unrelated physiology experiments. Pieces of frozen tissue were homogenized in an ice-cold solution containing 30 mM potassium fluoride, 4 mM ethylenediaminetetraacetic acid, tetrasodium salt dihydrate and 0.5 mM beta-mercaptoethanol. t represent subsarcolemmal accumulations of periodic acid-Schiff-positive polysaccharide. More strongly periodic acid-Schiffpositive bars are present within one fiber (arrows). Periodic acid-Schiff after alpha amylase digestion. Fig. 5 . Electron micrograph. Deposit with residual myofibrils traverses through the accumulated material. Mitochondria have congregated along myofibrils and appear to divide the deposit into locules (arrows). Uranyl acetate and lead citrate. Bar = 2 pm. Fig. 6 . Electron micrograph. Accumulated material is between myofibrils from the periphery of a deposit. Uranyl acetate and lead citrate. Bar = 0.5 pm.
Homogenates were centrifuged at 10,000 g and 0 C for 20 minutes, and supernates were removed and assayed for protein and PFK activity at 37 C.*
Results
Gross necropsy findings
Gross necropsy examination revealed bilateral cataracts, a slightly enlarged multinodular spleen, and atrophied truncal and limb skeletal muscles that were firmer, drier, and paler than normal on cut section. Urine was deep yellow to amber in color, and intestinal contents were bright yellow. Hip and stifle joints appeared normal, as did the heart.
Light microscopic findings
Examination of histologic sections of skeletal muscle revealed large deposits of material in some fibers. The deposits were pale, basophilic, somewhat flocculent, and slightly granular with hematoxylin and eosin stain (Figs. 1, 2). When seen in longitudinal and cross sections they tended to be localized beneath the sarcolemma but gave some muscle fibers a moth-eaten appearance as the material accumulated ( Fig. 1 ). In some cases, one (or more) nucleus was surrounded by the abnormal material and became somewhat centralized. Rarely, a fiber's contents appeared to have been completely replaced by the material. Multiple polyhedral inclusions of more homogeneous, darker staining material were visible within some deposits (Fig. 2) . Most fascicles examined in sections of hind limb and trunk muscles were affected to some degree, with up to 10% of fibers being involved in severely affected fascicles.
Except for the accumulated material, which was intensely periodic acid-Schiff (PAS)-positive, a majority of fibers containing deposits stained paler than unaffected fibers (Fig. 3) . Incubation of muscle sections with alpha amylase removed the diffuse finely granular PAS-positive material (glycogen) from muscle fibers but not the deposits (Fig. 4) . The polyhedral inclusions within some deposits were even more strongly PASpositive than the rest of the accumulated material. Deposits were digested by incubation with gamma amylase. They were faintly positive with methenamine silver and Alcian blue (pH 2.5) and were brown-gray with Lugol's iodine solution. Deposits were not stained by oil red 0, phosphotungstic acid hematoxylin, toluidine blue, Schiff methylene blue, Congo red, azure A (pH 4.5) or alcian blue (pH 1.0). Alcian blue staining (pH 2.5) was removed by treatment with neuraminidase but not with hyaluronidase. Masson's trichrome stain did not stain the deposits and demonstrated only minimal increase in endomysial connective tissue. De-posits were not demonstrated with either hematoxylin and eosin or PAS stains in sections of diaphragm, heart, intestinal smooth muscle, arterial smooth muscle, cerebrum or cerebellum.
A small skeletal muscle biopsy, collected 3 years earlier from this dog, was reexamined to verify that abnormal deposits were not missed previously. The muscle fibers present were diffusely PAS-positive, but no abnormal deposits or inclusions were present in the limited amount of tissue available for study.
Findings related to the chronic hemolytic anemia, with episodes of intravascular hemolysis, included erythroid hyperplasia of the bone marrow, extramedullary hematopoiesis in the spleen, hemosiderosis in spleen, liver, ludney, and lymph nodes, and bile stasis in the liver. Not only did macrophages in various organs stain strongly positive for iron using the Prussian blue reaction, but tubular epithelium of the kidney cortex contained positive granular material, and hepatocytes stained diffusely blue. Incidental findings attributed to old age included bilateral cataracts, nodular hyperplasia of the spleen, lipogranulomas in the liver, mild chronic interstitial nephritis, cystic hyperplasia of the prostate, and mild, chronic prostatitis.
Electron microscopic findings
At low magnification, deposits had an amorphous granular appearance. They were not membrane bound. Sarcolemmal nuclei had become centralized within deposits and residual myofibrils could be seen traversing through the accumulated material near the edge of deposits ( Fig. 5) . Elongated dense mitochondria were congregated along sarcolemmal membranes and myofibrils and sometimes appeared to divide a deposit into sections (Fig. 5) . In addition to large deposits, similar material had accumulated between myofibrils at the periphery of deposits ( Fig. 6) . At higher magnifications, the deposits were composed of short granular filaments, small granules, and amorphous material (Fig.  7) . Filaments generally appeared 8 to 12 nm in diameter and 100 to 160 nm in length. Although some portions of deposits were more compact than others, the polyhedral inclusions were not definitively identified in muscle deposits examined electron microscopically.
Muscle glycogen
The muscle glycogen content of the affected dog was 28 pmol glucose units/g muscle (wet weight). This value is within the range (25 k 5 pmol/g, mean k SD) measured from five normal English Springer Spaniel dogs, but less than that measured in five other phosphofructokinase (PFK)-deficient dogs (53 k 4 pmol/ g). Fig. 7 . Electron micrograph. Higher magnification of accumulated material in a deposit demonstrating the presence of short filaments and amorphous material. A portion of a myofibril with a small amount of peripherally located glycogen is present at the top of the photograph. Uranyl acetate and lead citrate. Bar = 0.25 pm.
Phosphofructokinase activities
Mean PFK activities, determined in triplicate at 37 C, from the affected dog were compared to mean values from six, mixed-breed, control dogs using the unpaired Student's t-test (Table l) . 24 As expected, PFK activities were markedly reduced in skeletal muscles of the affected dog. While mean values were appreciably lower in heart muscle and duodenum, they were not significantly different from those of control animals, where wide variations in activities were measured. Erythrocyte PFK activity from this dog has previously been reported to be 12.4% that of normal control dogs.I8
Discussion
Several varieties of inherited abnormalities of muscle and glycogen metabolism have been reported in dogs. These include glycogen storage disease types I and 111,40 Duchenne-like muscular dystrophy,21 and a deficiency of type I1 muscle fibers with similarities to benign congenital hypotonia.22 This is the first report of a severe, progressive myopathy with abnormal polysaccharide deposits secondary to inherited phosphofructokinase (PFK) deficiency in dogs. Deficiency of the M-type subunit of PFK in human beings is generally characterized by the coexistence of myopathy and compensated hemolytic anemia. 29 In most human cases of PFK deficiency, muscle disease is recognized in childhood and consists of transient weakness, easy fatigability, and muscle cramps and myoglobinuria after exercise,38 but a syndrome of lateonset (age 56 to 70 years) progressive muscle weakness, without muscle cramps or myoglobinuria, has been r e c~g n i z e d .~J~.~~ The development of signs of muscle disease in the present case is similar to the late-onset syndrome in human beings, except that signs appeared to progress more rapidly. It is possible that earlier signs of muscle weakness were not recognized, because the dog's exercise was limited to a short daily walk.
Morphology and staining characteristics of abnormal polysaccharide deposits in muscle fibers from this dog, as visualized by light and electron microscopy, were remarkably similar to deposits reported in muscles of human beings with PFK deficiency,IJ9 Histochemical reactions were also similar to those of Lafora bodiesS and corpora a m y l a~e a .~~ Like those in human PFK deficiency, deposits appeared blue-grey when stained with hematoxylin and eosin and stained positively with methenamine silver, Lugol's iodine and periodic acid-Schiff (PAS). Similarly, deposits were resistant to digestion with alpha amylase but were removed by incubation with gamma amylase as visualized by the PAS stain. Deposits did not stain with Congo red, oil red 0, or Alcian blue (pH 1.0) in deficient human beings6J9 or this dog. Based on these staining characteristics, it appears that deposits contain minimal or no lipid and consist primarily of amylopectin-like polysaccharide(s). Like one of two human cases, deposits were slightly positive when stained with Alcian blue at pH 2.5. 19 Since this staining reaction was removed by pretreatment with neuraminidase, but not hyaluronidase, it appears that some sialic acid residues were also present.
Like deposits in human beings,'J9 those in our dog consisted of a mixture of filaments, fine granules and amorphous material when visualized by electron microscopy. We have not yet definitively recognized the more densely PAS-positive polyhedral inclusions by electron microscopy in order to compare their ultrastructure to less strongly positive material. In one human case, polyhedral inclusions were found to contain concentrated aggregates of fine gran~1es.I~
The morphologic appearance and staining characteristics of deposits in both human and canine muscle were also similar to the polysaccharide material that accumulates in skeletal muscle and other organs in brancher enzyme deficiency (type IV glycogenosis) in human
Other glycogen storage diseases (types 11, 111, V) that affect human muscle are not recognized as containing filamentous, amylopectin-like material.I9 Deposits in both M-type PFK deficiency and brancher enzyme deficiency are believed to consist largely of an abnormal type of glycogen with long outer glucose chains and relatively few branch point^.^^,^^ This material is believed to form as a result of a decreased ratio of brancher enzyme to glycogen synthetase activity. 19 In glycogenosis type IV, the deficiency in brancher enzyme affects the ratio of enzyme activities. In human PFK deficiency, it has been hypothesized that the increased glucose-6-phosphate concentration, that occurs secondary to the block in glycolysis in PFK-deficient skeletal muscle, stimulates glycogen synthetase, thereby altering this r a t i~.~~,~~
The uneven distribution of deposits within muscle samples is not understood but has been recognized in both human glycogenosis types IV and VII. 19, 31 As reported in human PFK deficiency.19 muscle cells that contained deposits usually exhibited little or no finely granular PAS-positive intermyofibrillar glycogen when examined by light microscopy and limited glycogen granules when examined by electron microscopy, suggesting that fibers containing deposits have abnormal glycogen metabolism.
Abnormal polysaccharide deposits were not seen when a muscle biopsy from this dog was examined 3 years earlier. We can not eliminate the possibility that deposits were missed, because the initial biopsy was small and deposits were not evenly distributed. It is also possible that deposits were too small to be visualized by light microscopy at that time. The histologic appearance of muscle biopsies from four other PFKdeficient dogs between 8 months and 2 years of age was reported to be n0rma1.I~ The apparent lack of muscle deposits and absence of appreciable muscle dysfunction when this dog was 8 years old and the presence of deposits when the dog exhibited severe muscle dysfunction at 1 1 years of age raises two questions. Was the development of the abnormal deposits age-related, and was the development of the severe signs of muscle disease related to the presence of the deposits? In human PFK deficiency, abnormal polysaccharide deposits have been reported in muscle from adults, but not from children, suggesting that the deposits may form s10wly.'~ The possibility that abnormal polysaccharide deposits can cause myopathy was suggested in the case of an adult human with late-onset myopathy. l9 Glycogen in skeletal muscle is generally about 1.5 to two times normal in human PFK deficiency. L , 6~1 9 , 3 4 While other PFK-deficient dogs in our research colony had about twice normal muscle glycogen, the muscle glycogen concentration measured in the present animal at the time of euthanasia was not increased. It is possible that this value did not represent the overall glycogen concentration in muscle from this dog, because the biopsy specimen used was small and from only one site. When small samples are used, as much as fourfold variations in glycogen concentrations have been measured from the same muscle in normal dogs.4 Alternately, muscle atrophy may have influenced glycogen metabolism, or prolonged stress-related epinephrine stimulation of muscle glycogenolysis28 may have occurred in this dog in association with the progressive myopathy.
The measurement of PFK activity in tissues collected at necropsy provided the opportunity to determine which tissues might be PFK-deficient and presumably determine the relative contribution made by the M-type subunit in normal canine tissues. As expected, PFK activities were markedly reduced in skeletal muscles of the affected dog. The activity in cardiac muscle averaged only 29% of that of normal control dogs. It is likely, therefore, that PFK in normal cardiac muscle in dogs is composed of not only M subunits, but also P and/or L subunits. PFK from human and rat cardiac muscle is composed primarily of M subunits, but L and P subunits are also pre~ent.~Jl It is unclear whether duodenum, which contains various cell types in addition to smooth muscle cells, is truly PFK-deficient. In normal rats, the M subunit was not detected in intestinal mucosa and accounted for only about a quarter of the PFK in intestinal smooth mus-~l e .~ Based on activities measured in cerebral cortex, lymph node, liver and kidney, the M subunit of PFK does not appear to contribute substantially to the total PFK activity in these organs, unless compensatory synthesis of another subunit(s) occurs. The M subunit accounts for less than one-third of the PFK activity in human lymphocytes, liver and In contrast, it accounts for approximately half of normal human and rat brain tissue PFK.9J1
The bile stasis in liver, extramedullary hematopoiesis in spleen and lymph node, erythroid hyperplasia of bone marrow, and generalized hemosiderosis were secondary to the chronic hemolytic anemia. Other histologic lesions were probably related to age.
Cirrhosis and liver failure sometimes occur secondary to excessive iron accumulation in livers of Basenji dogs with pyruvate kinase deficiency41 and Poodles with familial nonspherocytic hemolytic anemia.27 While marked accumulation of iron occurred in both macrophages and hepatocytes in the present case, there was no biochemical or morphologic evidence of liver failure. In addition, there was no evidence of the myelofibrosis or osteosclerosis that has been associated with terminal stage of the above two inherited disorders in dog^.^^,^^,^^ Although the pathogenesis of the myelofibrosis and osteosclerosis is unknown, it might be worth noting that anemia is less severe and the reticulocytosis is less pronounced in PFK deficiency than in either of the other two conditions.
